Metaphase II arrest of Xenopus oocyte is characterized by the presence of M-phase-promoting factor (MPF) and of a microtubular spindle, both of which are stable in the presence of protein synthesis inhibitors. We studied in vivo this equilibrium state that is settled during meiotic maturation. At time of germinal vesicle breakdown (GVBD), cdc2 kinase and MAP kinase activities are stimulated. A component of the cyclin ubiquitin ligase, CDC27, is phosphorylated at the same time and remains phosphorylated until fertilization, indicating that an important component of the ligase complex is modified as early as GVBD. During a first period extending from GVBD until the cortical anchorage of the metaphase II spindle, homogeneous pools of cdc2 kinase and mitogen-activated protein (MAP) kinase activities are present in oocyte and are strictly dependent on protein turnover, since protein synthesis inhibition induces their total inactivation and drives oocytes into interphase. The metaphase II spindle, once anchored into the cortex, is no more sensitive to protein synthesis inhibition, likewise MAP kinase activity. During this cellular arrest, cdc2 kinase is divided into two distinctly regulated pools. The first one contains cyclin B that actively turns over and is subjected to a microtubular checkpoint. The second one is stable. Alteration of intracellular compartmentation of metaphase II oocytes either by gentle centrifugation or by cold shock inactivates MAP kinase and targets all cyclin B molecules for full destruction. We therefore suggest that MAP kinase participates to the cytostatic activity by preventing part of cyclin B molecules from entering the ubiquitination/ degradation machinery which is still turned on in metaphase II oocytes. ᭧ 1997 Academic Press 1 To whom correspondence should be addressed. Fax: (33) 1 44 phorylation reactions, synthesis of new proteins, and degra-27 34 72.
INTRODUCTION
containing the condensing bivalent chromosomes, appears; a few minutes later, the microtubular array migrates toward the animal pole where it reorganizes into a short bipolar In response to progesterone, full-grown prophase-blocked metaphase I spindle oriented parallel to the oocyte surface. Xenopus oocyte undergoes meiotic maturation. Following
The metaphase I spindle then rotates and the first polar hormonal stimulation, there is a lag period, lasting 3 to 7 body is emitted, approximately 90 min following the initiahr, preceding the activation of M-phase-promoting factor tion of the nuclear envelope breakdown. Then the forma-(MPF) 2 and the breakdown of the nuclear envelope (germinal tion of the metaphase II spindle oriented parallel to the vesicle breakdown, GVBD). MPF was first identified as a oocyte surface takes place in the absence of nuclear envebiological activity of the cytoplasm of maturing oocytes or lope reformation. Finally, the metaphase II spindle rotates of all eukaryotic cells, that induces GVBD in the absence and becomes orthogonal to the oocyte cortex where it apof protein synthesis when microinjected into prophasepears anchored about 3 hr after GVBD initiation (Gard, blocked oocytes (Masui and Markert, 1971) . Once MPF is 1992). The metaphase II oocyte, now fertilizable, remains activated, the nuclear envelope breaks down at the basal arrested at this stage until activation or fertilization. This part of the nucleus where a transient microtubular array, complex pathway of spindle assembly, elongation, rotation, and stabilization requires specific controls involving activation of ser/thr protein kinases and phosphorylation/dephos-The role of the p34 cdc2 /cyclin B2 complex, or cdc2 kinase,
Oocytes Treatments
as a master protein kinase in the initiation of oocyte matu-Isolated oocytes were prepared and maintained in medium A as ration is now firmly established (Maller, 1995) . Neverthealready described (Thibier et al., 1992) . Fully grown oocytes (or less, the biological significance of cdc2 kinase activity fluc-''prophase oocytes'') were induced to mature by addition of 1 mM tuations from GVBD until the arrest at the metaphase II progesterone in medium A. Oocytes were referred to as germinal stage is still poorly understood. In any case, it is clear that vesicle breakdown stage (''GVBD'') when the first pigment rearrangement appeared; at that time, the basal part of the germinal metaphase II-arrested oocyte cytoplasm contains active vesicle starts to breakdown, as judged by cytological analysis (Hu-MPF (measured either by cytoplasmic transfer or by its his- chon et al., 1981) . For kinetic analysis throughout post-GVBD mattone H1 kinase activity) and also a cytostatic factor (CSF) uration, populations of ''synchronized'' oocytes were obtained by which can be detected by a very popular biological assay:
collecting oocytes on which the spot had appeared within a window CSF, when microinjected into one blastomere of a two-cell of 10 min; at regular intervals oocytes were then removed and embryo, is capable of provoking a metaphase arrest which frozen for further analysis. Oocytes were referred as to ''metaphase is cytologically characterized by the presence of a stable II-arrested oocytes'' when they were taken at least 3 hr after GVBD. metaphase spindle (Masui and Markert, 1971) . Based on this
In some experiments, oocytes were transferred to a medium conassay, several purified proteins have been independently taining 100 mg/ml cycloheximide or 10 mg/ml nocodazole. For cold shown to possess cytostatic activity: ras (Daar et al., 1991) , treatments, medium A was kept on ice until the temperature had reached 2ЊC; oocytes were then incubated in this medium for 30 raf (MacNicol et al., 1995) , c-mos (Sagata et al., 1989) , thiomin. For centrifugation treatments, metaphase II-arrested oocytes phosphorylated active MAP kinase (Haccard et al., 1993) , were loaded in a petri dish with the animal pole oriented to the and cdk2 (Gabrielli et al., 1993) . It was therefore concluded top of the dish and then spun at 1000g for 5 min in a Beckman that they could be components of CSF. A major question, J6 centrifuge (JS.5.2 rotor). Under these experimental conditions, which remains unanswered, is how these different proteins centrifugation resulted in ooplasm stratification as previously deare involved in the stabilization of the metaphase II spindle, scribed by Masui (1972) . Cytological analysis was performed as the physiological target of CSF.
described by Rime et al. (1994) .
Moreover, there is a paradox: a CSF activity, measured by cytoplasmic transfer into a two-cell embryo, appears in maturing oocyte well before the metaphase II arrest. It was
Extract Preparation
indeed shown that the metaphase I oocyte cytoplasm, just Twenty oocytes were washed in 1 ml extraction buffer (EB: 80 after GVBD and before the first meiotic division, already mM b-glycerophosphate (pH 7.3), 20 mM EGTA, 15 mM MgCl 2 , 1 contains CSF activity (Masui and Markert, 1971) . Therefore mM dithiothreitol, and protease inhibitors: 2 mM phenylmeththe metaphase I spindle is prevented from being stabilized anesulfonyl fluoride, 25 mg/ml pepstatin, 0.1 mg/ml soybean trypby CSF. The aim of this investigation was to study the sin inhibitor, and 1 mM benzamidine) and then stored at 080ЊC until further analysis. Oocytes were homogenized in 100 ml EB at mechanisms that render oocyte cytoplasm competent to 4ЊC and centrifuged at 350,000g at 4ЊC for 10 min in a TL100 respond to the stabilizing effect of CSF. In this article, we Beckman centrifuge (TLA-100 rotor). The supernatant was then define as cytostatic activity the cytoplasmic properties that collected for p13 binding followed by histone-H1 assays (15 ml, i.e., allow the in vivo arrest at metaphase II.
3 oocytes) according to Jessus et al. (1991) 
and for Western blot
We have analyzed the in vivo regulation of the two major analysis (50 ml, i.e., 8 oocytes). Under these extraction conditions, kinases, cdc2 kinase and MAP kinase, whose activities ap-cdc2 and cyclin B were not pelleted as judged by immunoblotting.
pear essential for the genesis and the maintenance of cyto-This was also verified after various oocyte treatments (nocodazole, static activity. We now show that metaphase II-arrested CHX, cold-shock, or centrifugation). Identical results were also oboocytes contain two pools of cdc2 kinase activity; the first tained after a two-step centrifugation procedure (15,000g for 15 min one turns over rapidly and is microtubule-and protein synat 4ЊC and then 100,000g for 60 min at 4ЊC, TLA-100 rotor). thesis-dependent; the second one is independent of protein neosynthesis. Our results suggest that an active and stable Immunoblotting MAP kinase is involved in the control of this pool of stable cdc2 kinase activity.
Samples of 8 oocytes were analyzed. Proteins were electrophoresed on a 10% SDS-PAGE gel (Laemmli, 1970) or on a 15% SDS-PAGE gel (Anderson et al., 1973) and transferred to nitrocellulose filters (Schleicher and Schull) using a semidry blotting system
MATERIALS AND METHODS
(Millipore) as described in Jessus et al. (1991) . Anti-phosphotyrosine antibody (1:1000 dilution; Jessus et al., 1991) was revealed by autoradiography after 125 I-labeled protein A incubation (DuPont NEN).
Materials
Anti-p34 cdc2 monoclonal antibodies (3E1, 1:25 dilution; and A17, 1:25 dilution; Nebreda and Hunt, 1993) were revealed with HRP-Xenopus laevis adult females (Centre de Recherche de Biochimie Macromolé culaire du CNRS, Montpellier, France) were bred and conjugated rabbit anti-mouse antibody (1:500 dilution, DAKO). Anti-cyclin B2 (1:3000 dilution; Gautier et al., 1990) and anti-cyclin maintained under laboratory conditions. [ 35 S]Methionine (ú1000 Ci/mmole) and [g-32 P]ATP (ú3000 Ci/mmole) were obtained from B1 (1:10 dilution; Gautier et al., 1990) antibodies were revealed with HRP-conjugated protein G (1:20,000 dilution, Sigma). Anti-NEN (NEG-009A). Reagents, unless otherwise specified, were from Sigma.
MAP kinase (1:3000 dilution, anti ERK1, Santa Cruz) and anti- (1:2000 dilution; Tugendreich et al., 1995) antibodies were revealed with HRP-conjugated swine anti-rabbit antibody (1:20,000 dilution, DAKO). ECL Western blotting detection system is from NEN.
CDC27

Cyclin B2 Immunoprecipitation
Fifteen oocytes labeled for 1 hr with 1 mCi/ml [ 35 S]methionine (NEN, ú1000 Ci/mmol, NEG-009A) were washed and then homogenized in 75 ml of EB at 4ЊC and centrifuged at 350,000g at 4ЊC for 10 min in a TL 100 Beckman centrifuge (TLA-100 rotor). After a 2-hr incubation at 4ЊC in the presence of the anti-cyclin B2 antibody (1:100 dilution), 50 ml of protein G-Sepharose was added for an additional 1 hr incubation at 4ЊC. Immunoprecipitates were washed three times in 1 ml EB and then resuspended in 50 ml of Laemmli buffer (Laemmli, 1970) before 12% SDS-PAGE and autoradiography. Rate of cyclin B2 synthesis was calculated after excision and counting the cyclin B2 band in electrophoresed anti-cyclin B2 immunoprecipitates. It was assumed that one oocyte contains 12.1 pmole of methionine (Taylor and Smith, 1987) , that molecular weight of Xenopus cyclin B2 is 43,625 Da (Minshull et al., 1989) , and that each cyclin B2 molecule contains 17 methionine residues (Minshull et al., 1989) . Methionine uptake was measured by counting total radioactivity per oocyte and methionine incorporation into proteins was estimated by trichloroacetic acid precipitation on 3MM Whatman paper.
RESULTS
FIG. 1. Effect of CHX on cdc2 kinase and MAP kinase activities
Development of Cytostatic Activity during Meiotic
and cdc2 and cyclin B2 levels during the post-GVBD period. At
Divisions
GVBD time or at various times after GVBD, maturing oocytes were incubated for 1 hr in the absence (hatched bars and ''0'') or in the It is well known that cycloheximide (CHX), a protein presence (solid bars and ''/'') of CHX. H1 kinase activity was then synthesis inhibitor, inhibits progesterone-induced MPF acassayed, and immunoblotting with anti-phosphotyrosine (top), tivation (Wasserman and Masui, 1975) . However, short ex- During Xenopus oocyte maturation, it was shown that CHX, when applied around the time of GVBD, prevents the formation of metaphase I spindle and consequently the first after CHX treatment: cdc2 kinase activity by measuring meiotic division; this is accompanied with the disappearhistone H1 kinase activity; MAP kinase activity by measurance of MPF activity (Gerhart et al., 1984) , a total drop in ing its tyrosine phosphorylation level or its electrophoretic histone H1 kinase activity of p34 cdc2 /cyclin B2 complex mobility, as it is now well established that MAP kinase (cdc2 kinase activity) (Roy et al., 1991; Huchon et al., 1993) , activity is strictly correlated with its phosphorylation; the disappearance of B cyclins (Kobayashi et al., 1991; Roy cyclin B2 and cdc2 levels by immunoblotting; and finally et al., 1991; Huchon et al., 1993) , and finally the reformation the presence or the absence of an interphase nucleus by of an interphase nucleus (Wasserman and Masui, 1975; Hucytological analysis. chon et al., 1993) . CHX, by preventing the synthesis of new When applied for the 2-hr period following GVBD, CHX proteins, allows the characterization of proteins whose syninduces inactivation of both cdc2 kinase and MAP kinase thesis/degradation equilibrium has been modified at GVBD. and the total disappearance of cyclin B2 (Fig. 1) . A cytologi-Therefore, the progression of meiotic maturation is cal analysis reveals that oocytes treated with CHX during highly dependent on protein synthesis. How long does this this period contain interphase-like nuclei (Figs. 2A, e, and protein synthesis dependency last? To answer this question, f, and 2C). When treated with CHX for 2-3 hr after GVBD, we studied the effects of 1-hr pulses of CHX at various oocytes exhibit either typical interphase-like nuclei or no times after GVBD. Under these conditions, [ 35 S]methionine nuclei but dispersed condensed chromosomes or metaphase incorporation into proteins estimated by TCA precipitation II spindles (Figs. 2A, g-j, and 2C). This intermediate situawas inhibited by 70 to 100% at each stage studied during tion corresponds to a partial inactivation of MAP kinase and cyclin B2 level (Fig. 1) . the maturation process. Four parameters were analyzed (e, f) Nuclearlike structures re-formed in an oocyte exposed to CHX 1 hr 45 min after GVBD. (g, h) Dispersion of condensed chromosomes in an oocyte exposed to CHX 2 hr 45 min after GVBD. (i, j) View of an axially oriented metaphase II spindle in an oocyte exposed to CHX 2 hr 45 min after GVBD. a, c, g, and i, anti-tubulin antibody staining; b, d, f, h, and j, Hoë chst dye staining; e, phase contrast. Scale bar is 10 mm. (B) Observations of control oocytes fixed at various times after GVBD, based on data published by Huchon et al. (1981) and Gard (1992) , as well as on our observations. Abbreviations used: MI trans, transversely oriented metaphase I spindle; MI axial, axially oriented metaphase I spindle; MII trans, transversely oriented metaphase II spindle (illustrated in a and b, A); MII axial, axially oriented metaphase II spindle (illustrated in c and d, A). (C) Oocytes of 3 females were incubated for 1 hr in the presence of CHX at various times after GVBD, fixed, and then cytologically analyzed. Abbreviations used: N, nuclear-like structure (illustrated in e and f, A); CCh, dispersed condensed chromosomes (illustrated in g and h, A); MII, metaphase II spindle (illustrated in i and j, A).
After this period, 3 hr after GVBD, cyclin B2 and histone H1 kinase activity levels reach a plateau and remain stable at least for 8 hr. When CHX is applied to oocytes during the plateau period, it induces a partial drop in cdc2 kinase activity and a discrete decrease in cyclin B2 level, whereas MAP kinase activity is not affected (Fig. 1) ; identical results were obtained by using unfertilized ovulated eggs, indicat-
FIG. 3. Comparison of the effect of CHX on CDC27 activity at
ing that cyclin B2 level is also CHX sensitive in vivo. In all GVBD and at metaphase II arrest. Oocytes were taken at prophase instances, oocytes exhibit an apparently normal metaphase stage (1) or at GVBD time (2,3) or at metaphase II arrest (4-7) and II spindle anchored into the cortex (Figs. 2A, i and j, and were immediately frozen for further analysis (1,2,4) or incubated 2C). In a detailed analysis, Gard (1992) showed that the for 30 min in the presence of CHX (3,5) or cold shocked at 2ЊC for anchorage of metaphase II spindle axially to oocyte cortex 30 min and then further incubated for 30 min in the presence (7) occurs between 120 and 180 min after the initiation of or in the absence of CHX (6). Extracts were analyzed by Western blotting with anti-CDC27 and anti-cyclin B2 antibodies.
GVBD. It therefore might be concluded that inhibition of protein synthesis before the anchorage of the metaphase II spindle induces the re-formation of a nucleus. This period of CHX sensitivity includes GVBD, metaphase I spindle metaphase II-arrested oocytes (Fig. 3 , lane 5). Our results formation, extrusion of the first polar body, and formation suggest that the ubiquitin ligase is activated at GVBD time of a metaphase II spindle organized parallel to the oocyte and remains active during the metaphase I-metaphase II cortex ( Fig. 2B ). Once anchored, the metaphase II spindle transition and the metaphase II block. becomes insensitive to protein synthesis inhibition (Figs. 2A, i and j, and 2C). Altogether, these results show that a cytostatic activity is switched on only when metaphase II
Characterization of Cytostatic Activity in
spindle is correctly anchored perpendicular to oocyte sur-
Metaphase II-Arrested Oocytes
face. In the following experiments, oocytes are referred to ''metaphase II-arrested oocytes'' only when the metaphase Surprisingly, a significant decrease in the level of cdc2 kinase activity occurs after exposure of metaphase II-ar-II spindle is anchored perpendicular to oocyte surface (at least 3 hr post-GVBD).
rested oocytes to CHX (Fig. 1) . We further characterized this inactivation. GVBD oocytes and metaphase II-arrested oocytes were analyzed at different times after CHX addi-
CDC27 Protein, a Component of the Cyclosome/
tion. As shown in Fig. 4A , the time course of cdc2 kinase
APC-Associated Cyclin Ubiquitin Ligase,
activity decrease following CHX treatment of metaphase II-
Undergoes a Mobility Shift at GVBD
arrested oocytes obeys a two-step mechanism. During the first 30 min following drug addition, cdc2 kinase activity Recently identified was a 20S particle containing a specific cyclin B ubiquitin ligase activity, this particle is re-sharply decreases with an identical time course in both GVBD and metaphase II-arrested oocytes (Fig. 4A ). Follow-ferred as to the cyclosome in clam (Sudakin et al., 1995) or the APC in Xenopus egg (King et al., 1995) and contains a ing this first period, cdc2 kinase activity stabilizes in metaphase II-arrested oocytes, while it continues to drop down set of proteins first identified in yeast, including CDC16 and CDC27. CDC27 undergoes an upward electrophoretic in GVBD-treated oocytes (Fig. 4A ). The drop of cdc2 kinase activity in metaphase II-arrested oocytes is paralleled with mobility shift during the course of mitotic activation in egg extracts, highly correlated with the activation of the ligase a drop of cyclin B1 and B2 levels (Fig. 4B ). This indicates that the degradation pathway of cyclin B is not totally activity (King et al., 1995) . During meiotic maturation, cyclin B degradation program starts at GVBD as shown by switched off in metaphase II-arrested oocytes. This initial drop of cdc2 kinase activity induced by CHX always occurs CHX treatment, suggesting that the cyclin B ubiquitin ligase could be switched on at this time. We therefore used but its amplitude varies considerably between oocytes from different females (Fig. 5 ). Not only the degradation pathway an anti-human CDC27 antibody (Tugendreich et al., 1995) that has been previously reported to recognize Xenopus of cyclin B is not totally blocked in metaphase II-arrested oocytes, but also the synthesis of cyclin B2 is maintained CDC27 (King et al., 1995) . As shown in Fig. 3 (lane 1) , the anti-CDC27 antibody recognizes a single band at 100 kDa active during the metaphase II arrest (Table 1 ). The rate of cyclin B2 synthesis is comparable at GVBD and at meta-in prophase oocytes. At the onset of GVBD, it undergoes a partial mobility shift that is sustained until metaphase II phase II stages, when measured in oocytes from a single female (Table 1) . However, the absolute rate of cyclin syn-block (Fig. 3, lanes 2 and 4) . This mobility shift is reversed by oocyte activation (data not shown). Interestingly, when thesis varies considerably between oocytes from different females (Table 1) . Altogether, these results indicate that a CHX is applied at GVBD, CDC27 mobility shift is partially reversed (Fig. 3, lane 3) , indicating that CDC27 dephosphor-significant pool of cyclin B2 is subjected to a rapid turnover in metaphase II-arrested oocytes. This pool probably corre-ylation follows cyclin degradation. In contrast, CHX treatment does not induce any change of CDC27 mobility in sponds to the CHX-sensitive pool of cdc2 kinase activity.
FIG. 5.
Histone H1 kinase activity decrease induced by CHX at metaphase II arrest varies with the donor females. Metaphase IIarrested oocytes were incubated in the absence (control) or in the presence of CHX for 1 hr and histone H1 kinase activity was then measured. Percentage of histone H1 kinase activity decrease was estimated assuming that histone H1 kinase activity in control oocytes was 100%. FIG. 4. Comparison of the CHX effect on cyclin B stability at GVBD and at metaphase II arrest. (A) Oocytes were taken either at GVBD time (᭺) or at metaphase II arrest (3 hr after GVBD (l) and incubated for various times in the presence of CHX; at the indicated times, histone H1 kinase activity of the cdc2 kinase was quantified 1. Depolymerization of the microtubular network by noby elution and counting histone H1 bands. (B) Oocytes were taken codazole stabilizes cdc2 kinase activity and prevents cyclin either at GVBD time or at metaphase II arrest and incubated for 3 B2 degradation. Nocodazole is known to induce depolymerhr in the presence or in the absence of CHX. Cyclin B1 and cyclin ization of spindle and cortical microtubules in metaphase B2 were then visualized by immunoblotting using anti-cyclin B1 II Xenopus oocytes (Jessus et al., 1987; Huchon et al., 1988) . and anti-cyclin B2 antibodies.
TABLE 1
In contrast to cdc2 kinase, neither MAP kinase activity (Fig. Cyclin B2 Is Synthesized in Maturing Oocytes and in Metaphase 1) nor c-mos kinase (Watanabe et al., 1989; Roy et al., 1996;  II-Arrested Oocytes data not shown) is sensitive to protein synthesis inhibition in metaphase II-arrested oocytes.
Prophase
Metaphase II arrest GVBD arrest
Physiological Regulation of Cytostatic Activity
Female 1 subcellular organization of the oocyte. sitive; it has been shown that when Xenopus metaphase II oocytes are cooled at 2-4ЊC, spindle and cortical microtubules are depolymerized (Jessus et al., 1986; Huchon et al., 1988) . Whether cold treatment reproduces nocodazole effects could then be questioned. Metaphase II-arrested oocytes were incubated for 30 min at 2ЊC; neither cdc2 kinase activity nor cyclin B2 level or MAP kinase activity was modified by this treatment (Fig. 7A, lane 3) . In contrast, in oocytes first cold-shocked (30 min at 2ЊC) and then further incubated at room temperature for 30 min, cdc2 kinase activity as well as the level of cyclin B2 partially dropped (Fig. 7A, lane 4) . Unexpectedly, MAP kinase electrophoretic mobility was increased, indicating that it was inactivated (Fig. 7A, lane 4) . CDC27 mobility shift was not affected under these conditions (Fig. 3, lane 6) , suggesting that the cyclin B ubiquitin ligase is still active. Cyclin B2 and histone H1 kinase activity levels return to a metaphase II level FIG. 6. Nocodazole prevents the cyclin B2 decrease induced by CHX in metaphase II-arrested oocytes. Metaphase II-arrested oocytes were treated as follows: (1) 2 hr in control medium (control oocytes); (2) 1 hr in control medium and then 1 hr in the presence of CHX; (3) 2 hr in the presence of nocodazole; (4) 1 hr in the presence of nocodazole and then 1 hr in the presence of nocodazole plus CHX; (5) and (6) were treated as (2) and (4) respectively, except that oocytes were initially submitted to a cold shock (30 min at 2ЊC) before further incubation. Histone H1 kinase activity was then assayed and cyclin B2 was visualized by Western blotting with the anti-cyclin B2 antibody.
When metaphase II-arrested oocytes were treated with nocodazole, levels of both cdc2 kinase activity and cyclin B2 increase (Fig. 6, lane 3) . When nocodazole-treated oocytes were further incubated in the presence of CHX, a decrease of cdc2 kinase activity was also observed (Fig. 6, lane 4) . activity. The majority of cellular microtubules are cold-sen-when cold-shocked oocytes are incubated more than 30 min against a role of cytostatic activity on a negative regulation of cyclin degradation machinery. It rather suggests that cy-at room temperature (data not shown). This indicates that cold shock induces a fast and transient modification of tostatic activity acts at the level of accessibility of cyclin molecules to the degradation machinery. These in vivo ob-cyclin B2 and histone H1 kinase levels. In order to know if the cold-resistant pool of cdc2 kinase activity is sensitive servations raise three major questions. First, how is this complex equilibrium settled during the metaphase I-meta-to CHX, CHX was added immediately after the cold shock. Thirty minutes later, cdc2 kinase activity and cyclin B2 as phase II transition? Second, how are the two pools of cdc2 kinase activity regulated? Third, what could be the biologi-well as active MAP kinase became undetectable (Fig. 7A,  lane 5) . In parallel, CDC27 mobility shift is reversed (Fig. cal significance of these two pools? 3, lane 7). Under these conditions, both the cyclin B2 degradation pathway and MAP kinase inactivation were initiated
Genesis of Cytostatic Activity during Meiotic
during the minutes that follow CHX addition (Fig. 7C) . The Maturation mos protein was also degraded in parallel (not shown). However, total inactivation of MAP kinase occurs well behind Numerous previous reports have shown that cdc2 kinase, which is activated at GVBD, remains unstable during the the total degradation of cyclin B2 (Fig. 7C) . A cold shock therefore disrupts the CHX-insensitive or stable pool of formation of the metaphase I spindle. Indeed, inhibition of protein synthesis in metaphase I oocytes leads to MPF cdc2 kinase activity. The cold effect is apparently independent of microtubules since (i) a cold shock does not mimic inactivation and cyclin degradation concomitantly with reentry into interphase (Wasserman and Masui, 1975 ; Gerhart nocodazole treatment on cdc2 kinase activity and (ii) nocodazole applied before (data not shown) or after (Fig. 6, lane et al., 1984; Roy et al., 1991; Kobayashi et al., 1991; Huchon et al., 1993) . Not only cdc2 kinase activity depends on new 6) cold treatment does not prevent the effect of CHX.
3. Oocyte centrifugation abolishes the stable pool of cdc2 protein synthesis, but also MAP kinase activity and mos kinase (Watanabe et al., 1989; Roy et al., 1996;  this study). kinase activity. Centrifugation of whole metaphase II oocytes provokes a stratification of the oocyte cytoplasm (Ma-
The observation that the whole pool of cdc2 kinase activity is accessible to the degradation machinery and that cyclin sui, 1972; Richter et al., 1995) . Under these conditions, MPF and CSF remain active, as assayed by cytoplasm transfer ubiquitin ligase is probably activated at GVBD confirms that at this period of oocyte maturation, the level of cdc2 (Masui, 1972) . When metaphase II-arrested oocytes were immediately processed after a 5-min centrifugation at 1000g, kinase activity depends upon an equilibrium between cyclin synthesis and degradation, and also suggests that neither cyclin B2 level nor MAP kinase activity was affected (Fig. 7A, lane 7) . After a 30-min incubation following cen-cdc2 kinase and MAP kinase activities are interdependent. Although mos kinase and MAP kinase are present and ac-trifugation, a partial degradation of cyclin B2 and a total inactivation of MAP kinase were observed (Fig. 7A, lane 8) .
tive during this period, they clearly do not act in vivo as cytostatic factors. When metaphase I oocytes are treated Moreover, addition of CHX after the centrifugation step led to a total degradation of cyclin B2 (Figs. 7A, lane 9, and 7B) .
with nocodazole, the dynamic microtubular array implicated in the organization of the metaphase I spindle is Therefore, both cold treatment and centrifugation inactivate MAP kinase and lead to the disruption of the stable depolymerized (Jessus et al., 1987; Huchon et al., 1988) ; since nocodazole does not prevent the degradation of cyclin pool of cdc2 kinase activity.
B2 nor inactivation of MAP kinase that normally occur after CHX treatment (not shown), it may be concluded that there is no microtubule-dependent checkpoint in metaphase I
DISCUSSION
oocyte. Interestingly, cdc2 kinase and MAP kinase activities re-A main new finding reported in this investigation is that metaphase II-arrested oocytes contain two differently regu-main dependent on new protein synthesis after the extrusion of the first polar body, in early metaphase II oocytes. lated pools of cdc2 kinase activity. Inhibition of protein synthesis by CHX shows that the first one turns over rap-This can be shown by exposing metaphase II oocytes to CHX as late as 2 hr after GVBD, when metaphase II spindles idly, whereas the second one is maintained stable. Since the maintenance of a stable metaphase II spindle anchored are formed and still oriented parallel to the oocyte surface ( Fig. 2B ; Gard, 1992) . Following CHX exposure, oocytes axially to the oocyte cortex does not depend on new protein synthesis (Wasserman and Masui, 1975) , this shows that form a replicative nucleus just after completion of the first meiotic division (Furuno et al., 1994) and cdc2 kinase and only a reduced level of cdc2 kinase activity is sufficient to stabilize the metaphase II spindle. Strikingly, an essential MAP kinase are inactivated (Fig. 1) . It is only when the metaphase II spindle has rotated and becomes anchored into component of the cyclin B-ubiquitination system, CDC27, undergoes at GVBD an electrophoretic mobility shift, a pos-the oocyte cortex that CHX treatment does not induce anymore reentry into interphase. It may be concluded that the sible consequence of phosphorylation (King et al., 1995) that might reflect the activation of the cyclin ubiquitin ligase.
formation of a cytostatic activity, characterized by the insensitivity of the meiotic spindle to protein synthesis inhi-The enzyme would remain active until metaphase II arrest as suggested by persistence of the CDC27 shift. This argues bition, is highly correlated with the anchorage of the meta-phase II spindle into the oocyte cortex. The appearance of shown). Therefore, the actin cytoskeleton does not appear to be involved in the regulation of cytostatic activity in this cytostatic activity is also correlated with the formation of the cortical endoplasmic reticulum (Charbonneau and metaphase II-arrested oocytes. Although the anchorage of the metaphase II spindle is highly correlated with the ap- Grey, 1984) . At the biochemical level, cytostatic activity is characterized by a stable mos kinase (Sagata et al., 1989;  pearance of the cytostatic activity, it is not a necessary component of the system generating and maintaining this Watanabe et al., 1989; Roy et al., 1996) , a stable MAP kinase activity, and the persistence of an active cyclin ubiquitin property. We also tested the effect of numerous agents known to control ionic exchange in internal membranes in ligase, as suggested by the electrophoretic mobility of CDC27 (Fig. 3) .
order to know whether the cortical endoplasmic reticulum could play some function in the regulation of cdc2 kinase activity. Neither ouabain nor thapsigargin or monensin has
Regulation of Cytostatic Activity
any effect on the stability of cdc2 kinase activity (data not shown). This favors the view that the architecture of the The mechanisms that control this transition from a CHXcortical region of the oocyte does not play a major role in dependent metaphase II stage to a CHX-independent metathe regulation of the stable pool of cdc2 kinase activity phase II stage at the time of metaphase II spindle anchorage versus the unstable microtubule-dependent cdc2 kinase are not known. However, in contrast to the previous period pool. characterized by an homogeneous population of unstable cdc2 kinase activity, it corresponds to the establishment of In another series of experiments, we used more drastic two pools of cdc2 kinase activity: treatments known to modify the oocyte internal architecture. Oocytes were first submitted to a short period of cen-1. A pool that is rapidly degraded when protein synthesis trifugation (5 min at 1000g). This physical treatment stratiis inhibited. An important implication of this observation fies the oocyte cytoplasm but leaves intact MPF and CSF is that the degradation mechanism of cyclin remains funcactivities in the cytoplasmic layer (Masui, 1972;  Richter et tional in metaphase II-arrested oocytes as suggested by the al., 1995). Strikingly, when centrifuged oocytes are treated presence of a shifted form of CDC27 protein and by an with CHX, cdc2 kinase and MAP kinase are inactivated active cyclin turnover. Therefore, the appearance of cytoin a similar manner as after activation by electric shock. static activity would not require the inhibition of cyclin Therefore, stratification of oocyte cytoplasmic components degradation machinery, at least in the oocyte region where allows all cyclin molecules to be destroyed by the degrada-cdc2 kinase turns over. This pool of cdc2 kinase activity is tion machinery. Since cyclin synthesis is not modified by furthermore negatively regulated by the level of polymeric centrifugation, at least for the first few hours, cdc2 kinase tubulin. This indicates that metaphase II-arrested oocytes activity only results from the equilibrium between cyclin contain a microtubule-dependent checkpoint that controls synthesis and degradation, as in metaphase I (see above). cyclin destruction. Therefore, as in mitotic cells (Murray, It may be assumed that transient cold treatment (30 min 1992) or clam and mouse oocytes (Hunt et al., 1992 ; Kubiak at 2ЊC) not only destroys the cortical microtubular network et al., 1993), the unstable cdc2 kinase pool of cdc2 kinase and spindle microtubules but also acts at the level of interactivity of Xenopus oocytes is subjected to a microtubulenal membrane properties. Although the precise cellular tardependent checkpoint. Whether mos or MAP kinase activget of cold shock is not known, the main consequence of ity, which is stable at this period, is involved in this microexposing oocytes for a brief period at 2ЊC is to disrupt the tubule-dependent regulation, as suggested by in vitro experregulation of the CHX-independent stable pool of cdc2 kiiments (Minshull et al., 1994) , remains to be explored in nase activity as well as the stability of MAP kinase and mos vivo.
kinase activities. Cold shock, like oocyte centrifugation, 2. A second pool of cdc2 kinase activity which remains does not activate oocytes, as judged by the absence of pigstable at least for 4 hr following CHX treatment. How is ment rearrangements and by the fast reversion of the drop this pool maintained stable despite the presence of active of cdc2 activity (30 min); however, these treatments render cyclin ubiquitin ligase? A possible explanation could be that oocytes competent to be activated by inhibition of protein this second stable pool is prevented from interacting with synthesis. It can be postulated that alteration of internal the ubiquitination system, the cyclosome, or the degradaarchitecture by centrifugation or cold shock allows physical tion machinery, the proteasome. To test this possibility, interaction between all cyclin B molecules and the ubiquitiinternal oocyte compartmentation was altered by different nation/degradation machinery. treatments. We first treated metaphase II-arrested oocytes with cytochalasin, an inhibitor of actin assembly that is While the respective functions of cdc2 kinase, mos kinase, and MAP kinase in the genesis and the maintenance known to be required to maintain the anchoring of the metaphase II spindle in the oocyte cortex (Gard et al., of cytostatic activity remain to be explored, numerous experimental evidences indicate that the mos/MAP kinase 1995b). Despite the appearance of extensive pigment rearrangement at the oocyte surface, cytochalasin does not pathway plays a necessary role in CSF activity. It is now widely believed that MAP kinase could mediate the CSF modify the cdc2 kinase activity in the presence or in the absence of CHX in metaphase II-arrested oocytes (data not activity of mos kinase since it is activated by mos in Xeno- pus oocytes or eggs extracts (Nebreda and Hunt, 1993; Shi-has been shown to exhibit specific affinity for microtubules (Fellous et al., 1994) , influences the organization of spindle buya and Ruderman, 1993; Posada et al., 1993) . Moreover, it has been shown that microinjection of irreversibly activated and microtubular network present in the oocyte cortex and perhaps the targeting of the cyclosome toward this highly MAP kinase into one blastomere of a two-cell embryo induces a metaphase arrest (Haccard et al., 1993) . More re-organized region of the oocyte (Fig. 8) . cently, MAP kinase has been shown to prevent cyclin degradation from being initiated in Xenopus egg extracts (Abrieu Biological Significance of the Two Pools of cdc2 et al., 1996) . But what are the targets of MAP kinase? Our Kinase Activity in vivo approach, which confirms the view that stable mos and MAP kinases are absolutely required for cytostatic ac-These in vivo experiments shed new light on regulation of MPF during metaphase II arrest in a vertebrate oocyte. tivity, suggests that MAP kinase activity could regulate the cellular targeting of cyclin B toward the ubiquitination/deg-Although raising numerous unsolved questions, they show that an in vivo cytostatic activity is regulated by two mech-radation machinery since the cyclosome appears to remain fully active even as oocytes exhibit cytostatic activity. A anisms: one depends on the synthesis of new proteins, particularly cyclin B synthesis; the other one, which is protein first possibility is that MAP kinase activity prevents the stable pool of cdc2 kinase from interacting with the cyclo-synthesis independent, is highly sensitive to oocyte internal architecture. One might speculate that the main control some. More interestingly, it is also possible that MAP kinase controls the association of the active cyclosome with exerted by internal oocyte architecture is to prevent or to slow down cyclin molecules from obtaining an access to the spindle and cortical dynamic microtubules. In this regard, it is interesting to remark that human CDC27 is lo-the ubiquitination/degradation system which remains surprisingly active at metaphase II stage. It is noteworthy to cated in mitotic spindles (Tugendreich et al., 1995) . This hypothesis would nicely explain why only a limited fraction remark that these observations when conducted on whole oocytes could not have been detected in vitro in oocyte or of cdc2 kinase activity associated with cortical microtubules turns over in metaphase II-arrested oocytes. Very re-egg extracts, since cold treatment and centrifugation, both of which correspond to the first step of oocyte or egg cently, it has been shown that mos 0/0 oocytes from mosdeficient female mice, which undergo parthenogenetic acti-extract preparation, provoke dramatic changes in the regulation of MPF. vation (Colledge et al., 1994; Hashimoto et al., 1994) , lack active MAP kinase (Choi et al., 1996; Verlhac et al., 1996) .
It might be envisaged that the presence of two pools of cdc2 kinase plays a major role in the regulation of meta-Interestingly, these oocytes undergo meiotic divisions but the spindle shape and localization are altered, suggesting a phase arrest in a giant oocyte that needs to maintain intact a metaphase II spindle until fertilization, a process oc-role of MAP kinase in the microtubule organization (Choi et al., 1996; Verlhac et al., 1996) . It might be therefore postu-curring in external medium several hours after ovulation. The stable pool of cdc2 kinase activity could function as a lated that similarly, in Xenopus oocytes, MAP kinase, that for spindle anchoring and rotation in Xenopus oocytes: A rereservoir of MPF to regulate the highly dynamic behavior examination of the effects of cytochalasin B on oocyte maturaof spindle and cortical microtubules. This could represent tion. Zygote 3, 17-26. an economical process to limit the turnover of cdc2 kinase Gautier, J., Minshull, J., Lohka, M., Glotzer, M., Hunt, T., and in a small region of the oocyte, the cortex, where metaphase Maller, J. L. (1990) . Cyclin is a component of maturation-promot-II spindle must be preserved until fertilization.
ing factor from Xenopus. Cell 60, 487-494. Gerhart, J., Wu, M., and Kirschner, M. (1984) . Cell cycle dynamics of an M-phase-specific cytoplasmic factor in Xenopus laevis oo-
